To determine the α/β ratio of prostate cancer using the linear quadratic model taking into account different radiation prescription doses and RBE for low energy gamma rays.
Introduction
Prostate cancer is the most common cancer in American men and according to the American Cancer Society estimates that there are about 220,800 new cases per year resulting in about 27,540 deaths a year. About 1 man in 7 will be diagnosed with prostate cancer during his lifetime. Prostate cancer occurs mainly in older men but it is the second leading cause of cancer death in American men, behind only lung cancer. Treatment options for prostate cancer include radical prostatectomy, external beam radiation therapy, watchful waiting or interstitial prostate implant brachytherapy either as monotherapy or combined with external beam radiation treatment.
Interstitial brachytherapy techniques involve the implantation of radioactive sources, usually in the form of needles, seeds, or wires, directly into the tumor and surrounding normal tissues. This technique is employed for treating prostate cancers, sarcomas, breast, some brain cancers, and advanced cervical cancers. The placement of the radioactive sources for treatment can be permanent as in prostate seed implant brachytherapy or temporary as in the treatment of vaginal or cervical cancers.
Prostate seed implant (PSI) brachytherapy [1, 2] can be administered as monotherapy for early stage prostate cancer or combined with external beam radiation therapy for more advanced cancers. According to the guidelines promulgated by the American Brachytherapy Society [2] , the general selection criteria for PSI brachytherapy should include a life expectancy greater than 5 years and clinical stage T1b-T2c including some selected stage T3 cancers. The gleason score should be from 2 to 10 and serum PSA level should be less than 50 ng/mL. There should also be no pathologic evidence of pelvic lymph node involvement and no evidence of distant metastases. PSI brachytherapy is an excellent alternative for patients who for one reason or the other are unable to present themselves daily for the 36-44 conventional fractions of external beam radiation therapy.
One of the main problems in PSI brachytherapy is that the implanted radioactive seeds are almost always somewhat displaced from their intended or planned positions [3, 4] . The displacement is due to seed migration, compression of the target volume as the needle is inserted, and deviations in the path of the needle due to the diverting effect of the beveled tip. Yu et al. [3] noted that the average displacement was about 2 mm with a standard deviation of about 5 mm. Nath et al. [4] have also shown that needle divergence in PSI can lead to a dose reduction in the prescribed target dose of anywhere between 5% and 20% when 125 I seeds are used. Other dosimetric errors encountered in PSI brachytherapy arise from the effects of edema which can lead to a reduction in target dose of up to 5% and 12% for 125 I and 103 Pd, respectively [3, 5] . There are also density differences between prostate tissue and water which could also lead to a dose
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reduction of about 5%. Imaging studies and inter observer differences also have a significant impact on the quality and coverage of prostate volume with the prescription isodose line [6, 7] .
It is therefore not unrealistic that not all the prostate volume may receive the prescribed dose as discussed above. To counter this dose reduction, the acceptance criteria for most prostate seed implant radiation treatment plans is that D 90 (dose covering 90% of the prostate volume) be greater than 100% of the prescription dose [8] . Some radiation oncologists have the planning objective of D 90 to be as high as 130% of the prescription dose. This means that for a prostate seeds implant administered with 125 I, 90% of the prostate volume is anticipated to receive between 160 Gy and 190 Gy even though the prescription dose is only 145 Gy. Post implant dosimetry suggests that the D 90 ranges anywhere from 80% to over 130% of the prescription dose. So prostate seed implant brachytherapy patients tend to receive a range of dose depending on their particular circumstances and the implantation skills of the treating physicians. All these differences must be accounted for all α/β ratio calculations for PSI treatment. Usually in the calculation of the α/β ratio involving PSI, it is always assumed that the patient received the prescribed dose which is not true as explained above. The uncertainty in the implanted dose must be incorporated into the calculation of the α/β ratio.
It has also become clear over time that traditional external beam radiation doses alone ranging from 66-70 Gy may not achieve an acceptably high degree of local disease control [9, 10] . To increase local prostate cancer control, the prescribed external beam radiation therapy dose has been increased from an average of 66 Gy in the mid-90s to between 72 and 81 Gy now especially with the use of intensity modulated radiation therapy and 3D conformal radiation therapy [10, 11] . We have also determined the sensitivity of the α/β ratio for various values of the external radiation therapy dose from 66 Gy to 80 Gy.
Many authors have determined the α/β for prostate cancer and most analyses show that the α/β is lower than that determined for most other cancers [12] [13] [14] . Our determination of the α/β for prostate is built on the efforts made by other investigators. Our assessment takes into consideration the uncertainty in the dose delivered through PSI brachytherapy. It also takes into account the fact that the prescription dose for external beam therapy for prostate cancer has increased from about 66 Gy to 80 Gy in the past 20 years.
The relative biological effectiveness (RBE) of any biological system depends on the linear energy transfer of the ionizing radiation and multiplevariables determine RBE and that low energy photons generate higher LET electrons. Many studies have indicated that the relative biological effectiveness (RBE) dose for 125 I and 103 Pd are significantly different from unity ranging from 1.0 to over 2.0 for the dose rate used in permanent prostate implant brachytherapy with these isotopes [15, 16] . We have incorporated various published value of the RBE in our determination of α/β. Other studies by Nath et al. [17] suggest that the RBE could be significantly lower than unity if doserate effects are considered in the evaluation of RBE. We have also evaluated α/β for RBE values in the range of 0.8 to 2.0. The main purpose of our investigation was to determine a range of α/β ratio values for prostate cancer given that the total dose delivered with 125 I and 103 Pd PSI can vary considerably between patients treated in different cancer centers around the world.
Materials and Methods
Using published data documenting the errors associated with prostate radioactive seed implant brachytherapy, we have recalculated the α/β ratio for the prostate for a given equivalent external beam radiation dose. According to the linear quadratic model of cell killing by radiation, the survival fraction SF d , of target cells after a dose per fraction d is given by:
The effect, E, of delivering n such fractions can be expressed as:
E= n(αd+βd 2 ) =αD + βdD (3) Where D=nd, the total physical dose delivered to the target (the dose per fraction d, multiplied by the number of fractions n). Equation 3 can be expressed in terms of the biological effective dose (BED)
Where E/α is known as the biological effective dose (BED), nd is the total dose (number of fractions x dose per fraction), and is known as the relative effectiveness of the radiation. The analysis shown in equations 1 to 4 is applicable for external beam radiation therapy.
For brachytherapy, the biological effective dose (BED) is given by [18] E / α = TDimpa ln t RBEma x + R0 μ α / β (5) Where TD implant is the total physical dose delivered following complete decay of the radionuclide, RBE max is the maximum Relative Biological Effectiveness for 125 I γ-rays compared to 60 Co γ-rays, R 0 is the initial dose rate for the implant and μ is the repair constant for sublethal damage. Similarly, the biological effective dose (BED) for external beam radiation therapy is given by
Where TDext is the prescription dose for external radiation therapy and d is the dose per fraction. For external beam radiotherapy with megavoltage photons, letting
Hence we obtain
We now equate the E/α from equations 5 and 6 to obtain the α/β ratio as α / β = dTDe x t −R0 TDimpla n t TDimpla n tRBEma x − TDe x t (8) Using equation 8, we can now determine the α/β ratio for various value of the external beam dose, implanted dose and RBE. In this analysis we have assumed that repair half life is 2 hours giving μ a value of 0.347. The initial dose rate for 125 I is assumed to be 0.077 Gy/hr while for the value for 103 Pd is assumed to be 0.20 Gy/hr. Table 1 shows the α/β ratio for different values of implanted dose Td implant and RBE values of 1.0, 1.3 and 2.0 for 125I. In the calculations, we have assumed an external beam radiotherapy dose of 74 Gy delivered in fractions of 2 Gy. We see clearly that the α/β ratio changes from 0.38 to 4.4 for an implanted 125I dose of 180 Gy and 100 Gy, respectively. We note that when RBE=1, the α/β ratio varies between 1.02 and 4.4. If one were to use the most common PSI dose of 145 Gy for 125I, then the α/β ratio would vary between 1.51 and 0.51 for RBE values of 1.0 and 2.0. So there is a significant dependence of α/ β on the RBE. By increasing the RBE value of 125I from 1 to 1.3, there is a 28% reduction of the α/β ratio for a PSI dose of 145 Gy. 
Results

Dependence of the α/β on different RBE values
Dependence of the α/β on different external beam prescription doses
As previously stated, the prescription dose for external beam radiation therapy can now vary between 72 Gy and 81 Gy so it is important to incorporate these new radiation prescription doses into our calculations. Tables 2 and 3 show the α/β ratios for external beam doses for 125 I for RBE values of 1 and 2, respectively. The α/β ratio varies between 0.96 and 6.1 for RBE of 1.0 and between 0.64 and 2.6 for an RBE of 2.0. It is important to note that as the value of the external beam radiation dose prescription increases from 72 to 80 Gy, the α/β value increases by an average of 16%. Tables 5 and 6 show the α/β ratio calculated for 103 Pd prostate implant brachytherapy doses and different values of the external beam doses. Table 5 shows data for RBE of 1.0 and Table 6 shows the data for RBE of 2.0. We note that for the RBE of 1, the α/β ratio varies between 0.74 and 10.81. Again if one assumes the most realistic value of the PSI dose for 103 Pd of 124 Gy, then α/β would vary between 1.4 and 2.01. 
Discussion
The linear quadratic model in radiation oncology attempts to describe the degree of curvature of a cell survival curve. The α/β ratio is the radiation dose where cell killing due to the linear and quadratic components of the equation are equal. Generally, rapidly dividing cancer cells are associated with higher values of the α/β ratio compared to slow growing cells. A value of 10 is the normally attributed as the α/ β ratio for most tumors while a value of 3 is often assumed for normal tissue or cells. Prostate cancer is in fact different from most cancers in that the tumor progression is typically slow. Organs at risks or normal tissue surrounding the tumor may have a higher value of α/β ratio than the prostate itself. Our calculations which are based on using the current treatment prescription dose for prostate cancer with both external beam and prostate implant brachytherapy points to lower α/β ratio for prostate.
Stock et al. [19] demonstrated a dose response relationship correlating D 90 with probability of biochemical control and showed that a D 90 greater than 140 Gy is a highly significant factor in predicting PSA relapse free survival (PSA-RFS). Ash et al. [9] on the other hand demonstrated no correlation between value of D 90 and outcome for their patient population of 667. Their data showed that 20% of their patients had D 90 less than 120 Gy. Since D 90 represents the dose delivered to 90% of the prostate volume, it means that at least 20% of their prostate cancer patients received doses less than 120 Gy. Despite these lower doses, these patients did not perform any worse than the other patients who had a higher D 90 . The implication for this may be that the RBE value for 125 I and 103 Pd is considerably greater than unity so that a lower delivered dose to the patient is still sufficient to control their cancer. A higher value of RBE is associated with a lower value of the α/β as demonstrated in Tables 1 and 2 and also 4 and 6. It is also interesting to note that Nath [17] demonstrated that the higher value of the RBE for low energy brachytherapy sources like 103 Pd and 125 I would be completely negated when dose rate effects are taken into account.
Another consideration in the determination of the α/β for prostate implant brachytherapy is that the initial dose rate for 125 I is assumed in these calculations to be 0.08 Gy/hr and this means that the effective treatment time is 122 days as suggested by Wang et al. [20] . This suggests that only 75% of the prescription dose for 125 I is delivered and the rest of the dose is wasted as the dose rate by then is so low that in any cell killing by the radiation is balanced by repopulation. This points to a higher value of the α/β ratio for prostate cancer. If one were to combine these findings with the physical uncertainty caused by seed migration, then physical doses delivered to the prostate gland for brachytherapy procedure would be much less than the prescribed dose of 125 Gy or 145 Gy with 103 Pd and 125 I respectively. Thus the realistic values of the α/β ratio for prostate may be higher than 1.5 and unlikely to be below 1.0.
There is little doubt that the α/β ratio may vary between patients and may also vary within the prostate volume of the same patient. Previous determinations of the α/β ratio for 125 I and 103 Pd have assumed that the dose delivered during permanent seed implant brachytherapy treatment for prostate cancer is well defined at 145 Gy and 125 Gy, respectively and the external beam dose is defined at 72 Gy or greater. In reality, however, the patient may receive a range of doses in such implant brachytherapy depending on the quality of the implant and the rigor of the planning objectives. Even though a postimplant CT is typically performed a month after the implant to assess its quality, it is not always possible to determine exactly the orientation of the seeds and the seeds may also have migrated from their original implant positions. Even if the seeds were to be identified, they are taken to be point sources with no information about the actual orientation of individual radioactive sources. It is important to note that the systematic errors associated with prostate seeds implant brachytherapy are not common with 3D-or IMRT-based external beam radiation therapy treatments; thus, one may assume that prostate would have received the full prescription dose in those instances. The effect of tumor repopulation has not been taken into account but it is thought to be negligible for the low-dose-rate permanent implants.
Conclusion
Despite the uncertainties in the calculation of the alpha beta ratio for prostate cancer, our analyses suggest that the α/β ratio could be as low as 0.5. It is important to note that calculation of the α/β ratio must also incorporate dosimetric uncertainties associated with permanent prostate seed implant brachytherapy and the fact that different external beam radiation doses have been used. Increasing the RBE of low energy permanent brachytherapy sources like 125 I and 103 Pd leads to a lower value of the α/β ratio for prostate.
